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Abstract
Nanoparticulate systems with an uncharged hydrophilic surface may have a great potential in
mucosal drug delivery. In the present study liposomes were coated with hydrophobically modified
hydroxyethyl cellulose (HM-HEC) to create a sterically stabilized liposomal system with an uncharged
surface. The aim was to clarify the influence of the amount of hydrophobic modification of HEC and
the length of the hydrophobic moiety, on the stability of the system and on the release properties.
HM-HEC with different degrees of hydrophobic modification (1 and 2 mole%) and hydrophobic
groups with different chain lengths (C8, C12, C16) were included in the study, as well as fluid phase
and gel phase liposomes. Both types of liposomes were successfully coated with HM-HEC containing
1 mole% of hydrophobic groups, while 2 mole% did not work for the intended pharmaceutical
applications. The polymer coated gel phase liposomes were stable (size, zeta potential, leakage) for
24 weeks at 4 °C, with no differences between the C8 and C16 HM-HEC coating. For the fluid phase
liposomes a size increase was observed after 24 weeks at 4 °C for all formulations; the C8 HM-HEC
coated liposomes increased the most. No differences in the leakage during storage at 4 °C or in the
release at 35 °C, were observed between the fluid phase formulations. To conclude; HM-HEC with a
shorter hydrophobic chain length resulted in a less stable product for the fluid phase liposomes,
while no influence of the chain length was observed for the gel phase liposomes (1 mole% HM).
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Introduction
Liposomes are small, nano-sized vesicles with an inner aqueous core embraced by one or more lipid
membranes, usually consisting of phospholipids. They have been widely studied for drug delivery
during the last decades, both for parenteral administration, e.g., targeting to tumors or reduction of
toxic side effects [1-3], and for topical administration to skin and mucosal membranes [4-6]. The
great advantage of liposomes is their ability to encapsulate both hydrophilic and hydrophobic drugs.
Some major drawbacks, however, are their short circulation time in the body after parenteral
administration and the possibility of chemical degradation, aggregation, and fusion during storage [79]. To increase the stability, both in vivo and in vitro, liposomes have been coated with polymers [1012]. The polymers forming the coating may be attached to the liposomal surface by electrostatic
deposition, e.g., chitosan [10, 13, 14], pectin [15, 16], poly(N-isopropylacrylamide (PNIPAAM)-comethacrylic acid) [17], and alginate [18]. Charged polymer coatings have also been introduced for
improving the mucoadhesive properties of the system [19-21] and for formulation of pH sensitive [22]
and temperature sensitive delivery systems [23].
The stability of colloidal systems is promoted by high surface charge of the nanoparticles [24, 25].
However, charged surfaces may be problematic in vivo due to non-intended interactions with
biological surfaces and consequently the possibility of toxic effects or precipitation due to
interactions with body fluids [26, 27]. In parenteral administration of liposomes an uncharged and
hydrophilic, sterically protected surface is a prerequisite for long circulation time [28, 29]. It has also
been proposed that nanoparticles with hydrophilic, uncharged surfaces may be advantageous in
mucosal drug delivery, since such particles may penetrate deep into the mucosa and deliver the drug
close to the cell membrane, instead of being trapped at the surface of the mucin layer [30, 31].
Coating of liposomes without electrostatic interactions is possible by attaching hydrophobic groups
to the polymer. During coating the polymer is anchored to the liposome surface by insertion of the
hydrophobic groups into the liposome membrane [32-36]. Depending on the type, length, and
amount of the hydrophobic groups, the liposome may be stabilized [37, 38] or destabilized and
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disintegrating into mixed micelles [36, 37]. Hydrophobically modified chitosan [33, 39], PNIPAAM
[23], and alginate [40] as some examples, have been used for liposome coating, in addition to
uncharged polymers such as hydrophobically modified poly(ethylene glycol) (PEG) [41], polyvinyl
alcohol (PVA) [12] and dextran [37, 38].
Hydroxyethyl cellulose (HEC) is another uncharged polymer. HEC is a cellulose derivative with
hydroxyethyl groups randomly distributed along the polymer chain, and has been widely used as
thickening agent in pharmaceutical preparations [42], as matrix in controlled-release solid dosage
forms [43] and in mucoadhesive patches [44]. In a previous paper we showed that the interaction
between HEC and uncharged fluid phase liposomes was very low, or absent [45]. However, HEC can
be modified by attaching hydrophobic groups to the hydroxyethyl groups giving hydrophobically
modified HEC (HM-HEC). In the previous paper we showed that by using commercially available HMHEC in appropriate concentrations, both fluid phase and gel phase liposomes were successfully
coated [45]. In the present paper we have scrutinized these liposomal systems more closely by using
HM-HEC with defined chain length of the hydrophobic groups and defined amounts of hydrophobic
modification. The aim was to investigate how the amount of hydrophobic modification of the
polymer and the length of the hydrophobic chain influence the coating process, the stability of the
coated liposomes, as well as the lipid phase transition temperature and the release of encapsulated
substance. Both gel phase and fluid phase liposomes were included in this study. Clarifying the
influence of these parameters would be advantageous in designing liposomal systems consisting of
uncharged liposomes coated with hydrophobically modified HEC, to obtain uncharged systems with
high stability and low possibility for ionic interactions in vivo.
Materials and methods
Materials
In this work, a hydroxyethyl cellulose (HEC) sample with the commercial name Natrosol 250 GR (Lot.
No. A-0382), obtained from Hercules, Aqualon Division, was utilized as a reference and as the
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precursor for the synthesis of the hydrophobically modified analogue (HM-HEC). The degree of molar
substitution of hydroxyethyl groups per repeating anhydroglucose unit of this polymer is 2.5 (given
by the manufacturer). The molecular weight (Mw = 400 000) of this sample in dilute aqueous
solution was determined by intensity light scattering at 25 oC [46]. The main chemicals for the
synthesis of the hydrophobically modified analogue (HM-HEC) such as glycidyl octyl ether (C8),
glycidyl dodecyl ether (C12), and glycidyl hexadecyl ether (C16) were all from Aldrich and used as
received without further purification. Phosphatidylcholine from soybean (SoyPC) and from egg
(EggPC) (Lipoid S PC and E PC S, respectively) and dipalmitoyl phosphatidylcholine (DPPC) were
obtained from Lipoid GmbH (Ludwigshafen, Germany).

The chloroform used for liposome

preparation, sodium dihydrogen phosphate monohydrate, and disodium hydrogen phosphate
dihydrate used in the phosphate buffer were all of analytical grade from Merck (Darmstadt,
Germany). The tris(hydroxymethyl)aminomethane was from VWR Chemicals (BDH, Belgium), the
fluorescence marker 5(6)-carboxyfluorescein (CF), and Triton X-100 were both from Sigma (USA).

Synthesis and characterization of hydrophobically modified polymers (HM-C8-HEC, HM-C12-HEC, and
HM-C16-HEC)
The hydrophobically modified hydroxyethylcellulose samples (HM-C8-HEC, HM-C12-HEC and HMC16-HEC ) were synthesized according to our previously reported procedure [47, 48] and the details
and characterization of the samples have been described elsewhere [46, 49].
These polymers were further purified by dialyzing against Millipore water for 3 weeks and finally
isolated by freeze-drying. Regenerated cellulose with a molecular weight cutoff of about 8000 was
utilized as dialyzing membrane. 1H NMR in DMSO-d6 ascertained the chemical structure and purity of
HM-HEC, and the degree of substitution of the glycidyl alkyl ether groups (C8, C12 and C16) were
calculated from the peak ratios between the anomeric protons (4.9 ppm) and the methyl protons
(0.8 ppm) of the alkyl group. We have successfully synthesized a series of samples with different
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length hydrophobic group (C8, C12 and C16) with different degree of hydrophobic substitution 1.0
mole% and 2.0 mole%, respectively.

Preparation of polymer coated liposomes
The liposomes were prepared by the thin-film method as described earlier [15]. In short, the lipids
were dissolved in chloroform and evaporated to dryness in a rotary evaporator. The lipid film was
further dried under vacuum to the next day in a Christ Alpha 2-4 freeze drier (Christ, Osterode am
Harz) to remove organic solvent rests. The aqueous phase (in most cases 5 mM phosphate buffer at
pH 6.8) was added to the film at a temperature above the phase transition temperature (Tc) for the
lipid, the sample was slowly rotated for 15 min and then swelled for two hours, still at a temperature
above the Tc for the lipid. The flask was gently shaken intermittently during the swelling. The
samples were kept in the refrigerator to the next day. A Lipex extruder (Lipex Biomembranes Inc.,
Vancouver, Canada) with two stacked 200 nm polycarbonate membranes (Nucleopore®, Costar
Corp., Cambridge, USA) was used for size reduction. The liposomes were extruded ten times through
the filters at a temperature above the Tc of the lipid. Polymer solutions were made by dissolving the
polymer in 5 mM phosphate buffer pH 6.8 by magnetic stirring overnight. All polymer solutions were
filtered through 2 µm filters before use. The liposomes (3 mM) were coated by dropwise (~3 ml/min)
adding the liposomes (one part) to the polymer solution (four parts) by means of a peristaltic pump
(Watson-Marlow 520S IP3, Cornwall, UK) at room temperature during continuous magnetic stirring.
The stirring continued for 5 min after all the liposomes were added. Three parallel samples were
made of each combination.
When fluorescence marker was encapsulated into the liposomes, an aqueous phase containing 100
mM CF in 60 mM trisbuffer pH 8.0 was used for hydration of the lipid film. The non-encapsulated CF
was removed by gel filtration through PD-10 Desalting Columns (GE Healthcare Biosciences AB,
Sweden) immediately prior to coating of the liposomes with polymer. The liposomes were eluted
6

from the column with trisbuffer and diluted to 3 mM lipid concentration immediately after gel
filtration with trisbuffer containing 0.35 M sodium chloride to avoid osmotic shock.

Characterization (size, size distribution, zeta potential, transmittance and phase transition
temperature)
The intensity mean diameter of the liposomes and the intensity size distribution of the liposome
samples were determined by dynamic light scattering (DLS) using Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK) with backscatter detection at 173° and at a temperature of
25 °C. The refractive index and viscosity of pure water were used as calculation parameters for all
samples. The samples were diluted with filtered (0.2 µm) 5 mM phosphate buffer (pH 6.8) prior to
analysis. Each sample was measured in triplicate after an equilibration time of 300 s.
The zeta potential was determined using the same instrument and same dilution as described above.
A dip cell for zeta potential measurements (ZEN1002, Malvern Instruments Ltd., Worcestershire, UK)
was used for the measurements. The zeta potential was deduced from the mobility by means of the
Smouluchowski approximation using the dielectric constant and viscosity of pure water as calculation
parameters. Each sample was measured in triplicate at 25 °C.
The transmittance was determined at room temperature, using disposable cuvettes and an Ultrospec
II, 4052 TDS spectrophotometer (LKB Biochrom, UK). The wavelength of the incident light was 550
nm.
The lipid phase transition temperature was determined by differential scanning calorimetry (DSC)
(DSC 822 Mettler Toledo, Switzerland) using a scanning rate of 2-4°/min in the proper temperature
range. Fluid phase liposomes were dissolved in 35 % ethylene glycol in 5 mM phosphate buffer pH
6.8 to avoid freezing of water. Also, the phase transition temperature of the DPPC liposomes was
determined by DLS as described by Nicolas et al. [50], using a step-wise protocol in which the
7

temperature was changed in steps of 0.2 °C in the range 25-50 °C. The sample was allowed to
equilibrate for 60 s at each temperature step and then measured in triplicate. The size and derived
count rate, in kilo counts per second (kcps), were recorded during the measurements.

Determination of fluorescence marker
The release of the encapsulated fluorescence marker was quantified by using a Wallac Victor3 1420
multilabel counter (Perkin-Elmer, Boston, USA) ( λex 485 nm, λem 535 nm). Calibration solutions of CF
and blanks (60 mM tris buffer pH 8.0 containing 0.35 M NaCl) were applied every time and to each
plate. The released amount of CF could be measured directly in the solution due to the high
concentration and fluorescence quenching of the CF still inside the liposomes. However, for every
sample Triton X-100 was also added to disintegrate the liposomes to determine the total amount of
CF in the sample. The amount released was determined in per cent of the total amount in the sample.

Storage stability and release studies
Three parallels of each sample were stored in a refrigerator at 4 °C for 24 weeks. At predetermined
time points samples were withdrawn from the bottles and analysed for size and size distribution,
zeta potential, and leakage of encapsulated CF.
For determination of the liposome release properties three parallels of each sample were stored in a
Termaks TS8056 heating cabinet (Termaks, Norway) at 35 °C for 45 h. Samples were withdrawn at
predetermined time points and transferred to a microtiter plate for determination of amount CF
released as described above.
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Results and discussion
The influence of degree of hydrophobic modification of the polymer was investigated by coating
EggPC liposomes with HEC with 1 mole% and 2 mole% hydrophobic modifications. Three different
chain lengths of the hydrophobic moiety (C8, C12, and C16) and three different polymer
concentrations (0.05% (w/w), 0.1% (w/w) and 0.15% (w/w), all in the semi-dilute concentration
regime [51], were included in the study. Representative correlation functions and transmittance for
the samples coated with 0.1% polymer solutions are shown in Figure 1.

Figure 1

It was not possible to obtain acceptable products when coating with HM-HEC containing 2 mole% of
hydrophobic groups, as reflected by two relaxation modes in the correlation functions indicating
bimodal distributions. The low transmittance values of the HM-C12-HEC and HM-C16-HEC samples
suggest large aggregates and consequently the samples are not suitable for pharmaceutical
application. The same trends were observed for the 0.05% and 0.15% polymer concentrations (data
9

not shown). Coating with HM-C8-HEC containing 2 mole% of hydrophobic groups seemed to result in
a more uniform product compared to coating with HM-C12-HEC and HM-C16-HEC (compare the
correlation functions in Figure 1), but after one week of storage in the refrigerator, the size
distribution of the HM-C8-HEC coated liposomes was clearly bimodal and the product not acceptable
for use.
The liposomes coated with HEC containing 1 mole% hydrophobic modification, however, showed
monomodal size distributions (as shown in Figure 1) with relatively low PDI values (0.19 and 0.105 for
the HM-C8-HEC and HM-C16-HEC coated liposomes, respectively) for the 0.1% polymer
concentration. The same trend was observed for the 0.05% and the 0.15% polymer concentrations
(data not shown). The sizes of the coated liposomes were larger compared to the uncoated
liposomes (increasing from 164 nm for the uncoated liposomes to 347nm and 271 nm for the HM-C8HEC and HM-C16-HEC coated ones, respectively) but no aggregates or precipitates were observed. It
was concluded that 1 mole% seemed to be a proper degree of hydrophobic modification of the
polymer for coating the liposomes, both for HM-C8-HEC and HM-C16-HEC, whereas 2 mole% of
hydrophobic groups did not produce particles with potential as carriers for drug delivery application
due to the heterogeneity of the product. This may be explained by stronger inter- and intramolecular
hydrophobic associations at higher degree of hydrophobic modification [52] and consequently the
chains are less available for interaction with the liposomal membrane. Furthermore, a long
hydrophobic tail has been shown to give stronger intramolecular interactions compared to a shorter
one in dilute solutions [52]. Less available hydrophobic groups with the possibility of stronger
hydrophobic interactions with the liposome membrane will most probably result in inhomogeneous
products. This is also apparent from the correlation functions and the lower transmittance of the
HM-C16-HEC (2 mole%) coated liposomes compared to the HM-C8-HEC (2 mole%) coated ones, with
the HM-C12-HEC coated liposomes in between (Figure 1).
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To study the influence of the chain length on the hydrophobic moiety in combination with the lipid
phase on liposome characteristics and stability, two different types of liposomes (SoyPC and DPPC,
i.e. liquid-crystalline and gel phase, respectively) were coated with HM-C8-HEC or HM-C16-HEC, both
with 1 mole% hydrophobic groups. The polymer concentration chosen for coating was 0.1 % since
this concentration appeared as suitable in the preliminary experiments and has also been shown to
be proper for coating of DPPC with commercially available HM-HEC in an earlier study [45]. In Table
1, the characteristics of the uncoated and the polymer coated liposomes are shown. It was verified
that the scattering intensity of the pure polymer solutions diluted in the same way as the samples
was very low compared to the scattering intensity of the samples, which means that the sizes
recorded were the sizes of the polymer coated liposomes and not of polymer aggregates.

Table 1: Characteristics of liposomes coated with 0.1 % (w/w) solution of HM-C8-HEC and HMC16-HEC containing 1 mole% of hydrophobic groups (n=3)

SoyPC uncoated
SoyPC+HM-C8-HEC
SoyPC+HM-C16-HEC
DPPC uncoated
DPPC+HM-C8-HEC

Z-Average
(diameter)
166 nm ± 3
377 nm ± 4
283 nm ± 3
1167 nm* ± 75
368 nm ± 4

DPPC+HM-C16-HEC

267 nm ± 3

Sample

PDI
0.07 ± 0.02
0.20 ± 0.01
0.11 ± 0.02
0.36 ± 0.06
0.22 ± 0.02
0.08 ± 0.02

* Aggregates consisting of liposomes with Z-Average of 161 nm

As can be seen from Table 1, the PDI values are relatively low for all samples. All samples had a zeta
potential close to zero (in the range -0.42 to -2.25 mV). The average size of the uncoated SoyPC
liposomes is as expected when using 200 nm pore size for extrusion. The uncoated DPPC liposomes,
however, appear as very large. This is probably due to aggregation since it has been shown by cryoelectron microscopy that uncoated DPPC liposomes appear as aggregated already one day after
extrusion [53]. The aggregation tendency may be due to the partly dehydrated gel phase lipids [54],
and consequently relatively low repulsive hydration forces between the liposomes [55, 56]. The DPPC
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liposomes in the gel phase have a faceted polyhedral appearance [53, 57], which may facilitate the
aggregation due to larger contact areas. When heating the DPPC liposomes to above the Tc, the
liposomes become more round [17, 57] and the liposomes are expected to disaggregate due to
thicker hydration layer and stronger repulsive forces [55, 56], and maybe also because of the smaller
contact areas as a result of the spherical shape. In order to determine the “real” size of the DPPC
liposomes the sample was first heated to 50 °C (above the Tc of the DPPC) to promote disaggregation.
The temperature was then reduced by 0.2 degrees/min and the size was measured at each
temperature step. In Figure 2 the sizes and PDI values are plotted against the temperature.

Figure 2

As shown in the Figure 2, at the higher temperatures the size distribution was monomodal (low PDI)
and the average liposome size was small (161 nm). It has been shown that DPPC liposomes in the gel
phase appear as single liposomes shortly after extrusion [53]. Since the DPPC liposomes in the
present work were coated immediately after cooling to room temperature after extrusion, this
suggests that the size of the DPPC liposomes at the time of being coated most probably was around
161 nm, i.e., at the same level as the SoyPC liposomes. This means that both the SoyPC and the DPPC
liposomes increased in size after coating, which is also in line with what has been shown for other
systems in the literature [12, 15, 17, 39, 58]. For both types of lipids the HM-C8-HEC coated
liposomes ended up larger than the corresponding HM-C16-HEC coated samples and with larger PDI
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values (Table 1). This may suggest that the HM-C8-HEC polymer coating is less firmly attached to the
liposome membrane compared to the HM-C16-HEC coating giving larger average particle size.
The stability of the samples was investigated by storing the formulations for several weeks in the
refrigerator at 4 °C, and withdrawing samples for analysis at several time points. In Figure 3 the
average sizes and the PDI values of the size distributions are shown.

Figure 3

The size of the DPPC liposomes coated with both HM-C8-HEC and HM-C16-HEC remained unchanged
during the storage period. The SoyPC liposomes were stable for 12 weeks. However, after 24 weeks
significant increase in both the average size and PDI values were observed. The HM-C8-HEC coated
liposomes appeared as less stable than the uncoated SoyPC liposomes with an increase in diameter
from 375 to 517 nm and an increase in the PDI value from 0.19 after 12 weeks to 0.38 after 24 weeks
of storage. Again this may indicate a looser attachment of the HM-C8-HEC coating. Due to the high
mobility in the fluid membrane of the SoyPC [59], it is reasonable to assume that shorter
hydrophobic chains may detach more easily and interact with other liposomes resulting in bridging
between the liposomes as time evolves. Another possibility is that partly detached polymer chains
may interact with each other via “hydrophobic micelles” and link the liposomes together, as
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described by Chieng and Cheng [34]. Both mechanisms will give larger Z-average values and broader
distributions (larger PDI values). The better stability of the DPPC/HM-C8-HEC liposomes may be
explained by the ordered gel phase of the lipid membrane with more restricted mobility [35]. The
sizes of the uncoated DPPC liposomes were in the range 1100-1600 nm (data not included in the
figure due to the large sizes) and remained large during the whole storage period. The smaller and
relatively constant size of the polymer coated DPPC liposomes clearly confirms the stabilizing effect
of the polymers and is in line with earlier observations [45]. Since the surface charge of the systems
was close to zero, the stabilizing effect is most probably due to steric protection.
Lipids in solution may be subjected to chemical degradation, both by hydrolysis and oxidation [8].
Both types of degradation may lead to a more negative zeta potential of the liposomes. In Figure 4,
the zeta potential values of the formulations during the storage are shown.

Figure 4

All formulations were slightly negatively charged. The zeta potential remained relatively constant
during the storage period for the polymer coated liposomes. For the uncoated liposomes, however, a
change to slightly more negative values after 24 weeks of storage was observed. Although the
differences in the zeta potentials are small, this may indicate that the liposomes are protected
against chemical degradation by the polymer, which is also in line with what has been observed
previously for polymer coated EggPC liposomes [45].
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Another stability issue of liposomes is loss of encapsulated material. In the present study the leakage
of encapsulated CF was tested during storage at 4 °C for 24 weeks (Figure 5).

Figure 5

For all formulations, except the uncoated DPPC liposomes, the leakage was very low and less than 4%
after 24 weeks of storage. There were no significant differences in leakage between these
formulations. The leakage from the uncoated DPPC liposomes, however, was significantly higher, but
still less than 10 % after 24 weeks. The higher value can be explained by the aggregation of the DPPC
liposomes, since close contact between the liposomes for weeks may be expected to promote fusion
and leakage. A close contact between the vesicle membranes of the polymer coated DPPC liposomes
was avoided due to the steric stabilization. Low leakage during storage at 4 °C has also been
reported for positively charged liposomes coated with negatively charged polymers [11]. However,
coating of neutrally charged liposomes with positively charged polymers has been shown to increase
the leakage [19, 20, 60], probably by creating pores in the liposome membrane due to interaction
between the positively charged groups and the negative charge of the phospholipid [60].
A possible field of application of polymer coated neutrally charged liposomes could be mucosal
administration in the oral cavity. The oral mucosal temperature has been reported to be in the range
35.5-36.5 °C and dropping when the mouth is opened [61]. Thus, to investigate the influence of the
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polymer coating on the release of encapsulated material from the liposomes, the experiments in the
present study were chosen to be carried out at 35 °C. The results are shown in Figure 6. There was a
significant difference in the release rate between the SoyPC and the DPPC formulations; the DPPC
formulations showing a very low release, less than 1% after 45 h.

Figure 6

The release from the SoyPC formulations was significantly higher. The higher release from the SoyPC
liposomes compared to the DPPC liposomes is attributed to the fluid state of the lipid membrane. At
a temperature of 35 °C, the DPPC liposomes are still in the gel phase while the SoyPC liposomes are
in the fluid phase (Tc +41.5 and -15±5 °C for DPPC and SoyPC, respectively [62]), and it is well known
that the permeability of the gel phase lipid membrane is lower than the more flexible fluid state [63].
When liposomes are coated by a hydrophobically modified polymer, the polymer is believed to be
anchored to the liposome surface by insertion of the hydrophobic groups into the liposome
membrane [32-36]. Insertion of hydrophobic groups with different chain length could be expected to
influence the release properties differently. However, no differences in release between the HM-C8HEC and the HM-C16-HEC coated liposomes were detected, neither for the SoyPC nor the DPPC
liposomes (Figure 6). Insertion of hydrophobic groups of different chain length into the liposome
membrane could also be expected to affect the Tc of the liposomes differently. Changes in Tc can
normally be detected by DSC [59]. Since the hydrophobic groups of HM-C16-HEC are of the same
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length as in the fatty acid moiety of DPPC (C16:0), we expected it to be difficult to see any changes in
Tc when coating with HM-C16-HEC. Therefore, mixtures of dimyristoyl phosphatidylcholine (fatty acid
chain length C14:0) and HM-C8-HEC and HM-C16-HEC were tested, but no effects on the Tc were
detected by DSC (data not shown). Also, dioleyl phosphatidylcholine (fatty acid chain length C18:1)
liposomes mixed with both HM-C8-HEC and HM-C16-HEC were tested without detecting any effects.
This is in line with what has been reported by Chieng and Chen, who coated DPPC liposomes with
commercially available HM-HEC without detecting any effects on the Tc by DSC [34]. In a paper by
Michel et al. [50] it is described how changes in the count rate during size measurements by DLS
could be used for determination of the phase transition temperature of liposomes. Also this method
was tried in the present paper, but no differences were seen for the different DPPC formulations.
DPPC liposomes coated with HM-C8-HEC and HM-C16-HEC showed a steep drop in the derived count
rate at exactly the same temperature as the Tc for the uncoated DPPC liposomes (41.5 °C [62], Figure
7), indicating no change in the membrane phase when coating the liposomes with the
hydrophobically modified polymers.

Figure 7

The absence of an effect on the Tc and on the release rate may be explained by the very low
concentration of the hydrophobic groups in the hydrophobically modified polymers (1 mole%). The
number of hydrophobic groups inserted into the membrane is expected to be small [34] and may be
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too low to affect the Tc or release rate sufficiently to be detected by the analytical methods used. An
additional explanation could be that C8 and C16 are too similar to affect the properties differently.
Differences in release rate at 37 °C depending on degree of hydrophobic modification have, in fact,
been shown for cholesterol succinyl chitosan coated liposomes [39]. However, in those studies the
degree of hydrophobic modification was much higher (2.8-8 mole%) and consequently more HMgroups were expected to interact with the membrane. Also, they used another hydrophobic anchor
and another marker, which both may influence the release properties.
Conclusion
Neutrally charged liposomes were successfully coated with hydrophobically modified HEC (containing
1 mole% of hydrophobic groups), whereas 2 mole% of hydrophobic groups was too high and did not
result in acceptable products. The DPPC liposomes were stabilized by the polymer coating. No
differences between the stability (size, zeta potential and leakage) could be detected after 24 weeks
of storage at 4 °C between the HM-C8-HEC and HM-C16-HEC coated DPPC liposomes, and no
differences in release properties at 35 °C. For the SoyPC liposomes, both HM-C8-HEC and HM-C16HEC coated liposomes were stable for 12 weeks. However, after 24 weeks of storage the sizes of all
the SoyPC formulations had increased significantly. The largest increase was observed for the HM-C8HEC coated liposomes. This was probably due to the fluid lipid membrane and the relatively short
hydrophobic anchoring group resulting in partly detaching of the polymer and bridging between the
liposomes or interactions with other loose polymer chains. Thus, the most stable formulations were
the HM-C8-HEC and the HM-C16-HEC coated DPPC liposomes. Since a hydrophilic uncharged surface
has been reported as favourable for penetration deep into mucosa [30, 31] these formulations could
be promising candidates for mucosal delivery and should be investigated further for mucoadhesion
and release properties in biological fluids.
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Figure captions

Figure 1 – Representative samples of EggPC liposomes coated with 0.1% (w/w) solution of (a) and (d)
HM-C8-HEC, (b) HM-C12-HEC, (c) and (f) HM-C16-HEC, and (e) uncoated liposomes. The mole% given
is the amount of hydrophobic groups attached to the polymer. The correlation functions of 3 runs in
the same cuvette are shown for all samples. The transmittance (T%) is the average of 3 separate
samples (±SD).

Figure 2 – Average diameter (black curve) and PDI values (grey curve) of DPPC liposomes in the
temperature range 25 – 45 °C. The scanning direction was from high to lower temperature with a
scanning rate of 0.2 degrees pr. min. Equilibration time at each temperature step was 60 s and three
replicates were run at each step

Figure 3 – Average diameter (a) and PDI values (b) of the samples during storage at 4 °C. The error
bars represent the highest and lowest values (n = 3). The points without error bars have differences
equal to or smaller than the size of the symbols.

Figure 4 – The average zeta potential of the samples during storage at 4 °C. The error bars represent
the highest and lowest value (n=3). The points without error bars have differences equal to or
smaller than the size of the symbols.

Figure 5 - The leakage of encapsulated marker (CF) during storage at 4 °C. The error bars represent
the highest and lowest value (n=3). The points without error bars have differences equal to or
smaller than the size of the symbols.

Figure 6 – The release of encapsulated marker (CF) at 35 °C. Error bars representing the highest and
lowest value are included (n=3) but not visible; the differences are smaller than the size of the
symbols.

Figure 7 – Effect of changing the temperature on the derived count rate during the size
measurement of HM-HEC coated liposomes.
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